The authors studied immune response and exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (dioxin) among veterans of Operation Ranch Hand, the US Air Force unit responsible for the aerial spraying of herbicides in Vietnam from 1962 to 1971. A comparison group of Air Force veterans who served in Southeast Asia but were not involved in spraying herbicides was included. The authors studied delayed-type hypersensitivity skin test responses to Candida albicans, mumps, Trichophyton, and a bacterial antigen made from lysed Staphylococcus aureus. Lymphocyte measurements included total lymphocyte counts; T-cell (CD3, CD4, CD5, and CD8), B-cell (CD20), and NK-cell (CD16 and CD56) subsets; and expression of the activation antigen CD25 on CD3 T cells. The authors quantitated the serum concentrations of immunoglobulin (lg)A, IgG, and IgM; examined sera for the presence of monoclonal immunoglobulins (M proteins); and looked for a broad range of autoantibodies (rheumatoid factor, antinuclear antibody, smooth muscle autoantibody, mitochondrial autoantibody, parietal cell autoantibody, and thyroid microsomal autoantibodies). They measured the level of dioxin in 1987 or 1992, extrapolated the result to the time of service in Vietnam, and assigned each veteran to one of four exposure categories: Comparison and three Ranch Hand groups (Background, Low, or High). Overall, the authors found no evidence of a consistent relation between dioxin exposure category and immune system alteration. Am J Epidemiol 1999;149:1038-46. autoantibodies; dioxins; herbicides; hypersensitivity, delayed; immune system; military personnel; skin tests; veterans Many studies have shown that exposure to polyhalogenated aromatic hydrocarbons causes immune system dysfunction in laboratory animals. The most toxic of these agents, 2,3,7,8-tetrachlorodibenzo-/?-dioxin (dioxin), was shown in the early 1970s to cause marked involution of the thymus gland in animals (1-3). Recent studies involving dioxin-induced immunotoxicity have shown that in laboratory animals, dioxin produces a wide range of toxic effects on all components of the immune system (4-20), although results of studies of marmoset and rhesus monkeys have been inconsistent with the typical doseresponse pattern (21-23). Much research has focused on the role of the aryl hydrocarbon (Ah) receptor in relation to the mechanism of dioxin immunotoxicity (24, 25). The relevance of animal studies to immuno-
Many studies have shown that exposure to polyhalogenated aromatic hydrocarbons causes immune system dysfunction in laboratory animals. The most toxic of these agents, 2,3,7,8-tetrachlorodibenzo-/?-dioxin (dioxin), was shown in the early 1970s to cause marked involution of the thymus gland in animals (1) (2) (3) . Recent studies involving dioxin-induced immunotoxicity have shown that in laboratory animals, dioxin produces a wide range of toxic effects on all components of the immune system (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , although results of studies of marmoset and rhesus monkeys have been inconsistent with the typical doseresponse pattern (21) (22) (23) . Much research has focused on the role of the aryl hydrocarbon (Ah) receptor in relation to the mechanism of dioxin immunotoxicity (24, 25) . The relevance of animal studies to immuno-logic disorders in humans remains controversial, particularly with respect to extrapolation of dose effects.
No consistent evidence of immunotoxicity has been found in epidemiologic studies of populations exposed to dioxin as a consequence of industrial accidents, environmental contamination, or military service in Vietnam. An immunologic assessment of 41 persons from an environmentally contaminated site in Missouri, whose dioxin body burden was measured in adipose tissue, found that increased dioxin levels were correlated with increased numbers of total T (CD2 + ) cells, primarily CD8 + cells, with no change in CD4 + cells (26) . There was an increase in immunoglobulin (Ig)G but not IgA with dioxin, although no change in proliferative responses to mitogen was noted and no adverse clinical disease was associated with dioxin. A study of the immune status of 45 children who were exposed to dioxin following an explosion at a chemical factory in Seveso, Italy, found no abnormality in many of the immune parameters tested, including serum immunoglobulin levels, levels of circulating complement, and mitogenic responses (27) . Studies of Vietnam veterans conducted by the Centers for Disease Control and Prevention suggested no effect on the immune parameters in the cohort studied (28) . In their latest review of the literature, the Institute of Medicine, National Academy of Sciences, concluded that there was inadequate or insufficient evidence to determine whether an association exists between exposure to herbicides and immune modulation or autoimmunity (29) . We examined immunologic response and exposure to dioxin among veterans of Operation Ranch Hand, the US Air Force unit responsible for the aerial spraying of herbicides, including Agent Orange, in Vietnam from 1962 to 1971. Agent Orange was a 1:1 mixture of 2,4-dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid and was contaminated, from less than 0.05 to almost 50 parts per million, with dioxin (30) . This article reports data gathered during the 1992 physical examination (31) , which included skin tests, measurement of immunoglobulin concentrations and lymphocyte subsets, and tests for the presence of autoantibodies.
MATERIALS AND METHODS

Subject selection and definition of study groups
The Air Force Health Study is an ongoing 20-year prospective epidemiologic study to determine whether veterans of Operation Ranch Hand (the personnel who conducted aerial herbicide spraying during the Vietnam conflict) have experienced adverse health that can be attributed to exposure to herbicides or their dioxin contaminant. Details of the study design and subject selection are described elsewhere (32) . Exposure to herbicides could have occurred during flight operations or maintenance of the aircraft and herbicide spray equipment. Also included was a comparison population of other Air Force veterans who served in Southeast Asia during the same period that the Ranch Hand unit was active but were not involved in spraying herbicides. Comparison veterans were matched to Ranch Hand veterans by age, race, and military occupation. All study subjects were male. Physical examinations were performed in 1982, 1985, 1987, 1992, and 1997 , and an additional examination is planned for 2002. In this paper, we report analyses of immune response and dioxin body burden among veterans who participated in the 1992 study.
A total of 2,233 veterans (Ranch Hand, n -952; Comparison, n = 1,281) attended the 1992 physical examination. Dioxin measurements were made from blood drawn in 1987 or 1992. In 1987, blood from all willing veterans was collected and assayed for dioxin (33) . Veterans who participated in the 1992 examination and received no quantifiable dioxin result in 1987, or those who refused in 1987 or were new to the study in 1992, were invited to give blood for the dioxin assay during the 1992 examination. Of those who attended the 1992 physical examination, 2,198 (98.4 percent) gave blood for the dioxin assay in 1987 or 1992 (31). Of those who gave blood, 2,154 received a quantifiable result and 44 received a nonquantifiable result. For the veterans who were given quantifiable dioxin results, 1,791 (83.1 percent) of the results were measured from blood drawn in 1987 and 363 (16.9 percent) from blood drawn in 1992.
We excluded veterans who had no dioxin measurement or a nonquantifiable dioxin result (Ranch Hand, n = 22; Comparison, n = 57) and Comparison veterans (n = 24) who had a dioxin result of more than 10 parts per trillion (ppt), the value we regard as the threshold for background dioxin exposure. We also excluded veterans who were taking anti-inflammatory medication (except aspirin) or immunosuppressant medication at the time of the 1992 physical examination, veterans who had recently received radiation treatment or chemotherapy for cancer, and veterans who tested positive for human immunodeficiency virus (Ranch Hand, n = 16; Comparison, n = 14). Thus, the net sample size was 2,100 veterans (Ranch Hand, n -914; Comparison, n -1,186).
Skin tests, immunoglobulin studies, and autoantibody panel tests were conducted for all subjects. Total lymphocyte counts and lymphocyte subset investigations were carried out for a random sample of approximately 40 percent of the veterans (Ranch Hand, n = 372; Comparison, n = 491) because of the complexity of the assay and the expense of the tests. Participants were randomized on the basis of their (randomly assigned) five-digit case numbers; those with a case number ending in 0, 3, 6, or 9 were selected. After exclusions, a total of 814 veterans were included in the analysis of cell surface markers and total lymphocyte count (Ranch Hand, n = 358; Comparison, n = 456).
For Ranch Hand veterans who had current dioxin levels above background exposure, we estimated the initial dioxin dose at the end of their tour of duty in Vietnam by using a constant half-life of 8.7 years (34), and we assigned each veteran to one of four exposure categories-Comparison, Background, Low, or High-according to his exposure group (Ranch Hand or Comparison), current dioxin level, and initial dioxin level. The Comparison category (n = 1,186) was comprised of comparison veterans who had dioxin levels of less than or equal to 10 ppt. The Background category (n = 393) contained Ranch Hand veterans whose dioxin levels were less than or equal to 10 ppt. The Low (n = 261) and High (n = 260) categories were comprised of Ranch Hand veterans who had dioxin levels of more than 10 ppt. The cutpoint separating the Low and High categories (94.1 ppt) was the median initial dioxin level among all Ranch Hand veterans Am J Epidemiol Vol. 149, No. 11, 1999 whose current dioxin levels were more than 10 ppt. When analyzing thyroid microsomal autoantibody, we excluded veterans who had thyroid disease before their service in Southeast Asia began, had had a thyroidectomy, or were taking thyroid medications during or after their service in Southeast Asia (Ranch Hand, n = 16; Comparison, n = 39). The net sample sizes for this analysis were as follows: Comparison, n = 1,147; Background, n = 386; Low, n = 256; and High, n = 256. For the lymphocyte studies, the sample sizes were as follows: Comparison: n = 456; Background, n = 151; Low, n = 101; and High, n = 106.
Immunologic tests
All tests and procedures were performed at a single medical treatment facility. Skin tests were used to evaluate cell-mediated immunity. The following materials and dosages were used: 1) Candida albicans aqueous extract (Hollister-Steir, Spokane, Washington), 1:1,000 weight/volume, 0.1 ml, intradermal; 2) mumps skin test antigen (USP MSTA; Connaught Laboratories, Inc., Swiftwater, Pennsylvania), 1:1,000 weight/volume, 0.1 ml, intradermal; 3) Trichophyton antigen extract (T. tonsurans, T. rubrum, and T. mentagrophytes) (Hollister-Steir), 1:1,000 weight/volume, 0.1 ml, intradermal; and 4) bacterial antigen made from a wholeculture vaccine of lysed Staphylococcus aureus (Delmont Laboratories, Inc., Swarthmore, Pennsylvania), 6-9 x 10 6 colony-forming units of S. aureus and 0.5-5 x 10
7 Staphylococcus bacteriophage plaqueforming units in 0.05 ml, intradermal.
The skin tests were placed at least 2 inches (50.8 mm) apart. The antigen doses were lower than those recommended by a World Health Organization scientific group on primary immunodeficiency diseases (35) . Antigen doses were selected to increase our ability to discriminate between dioxin exposure groups and to enable comparison with earlier studies of these men (33) . Responses to the skin tests at 48 hours were measured independently by two experienced nurses in a blinded fashion. The area of greatest diameter of induration was measured by the "pen" method using a millimeter ruler (36) . In addition, for quality control purposes, each nurse reread and recorded the skin test measurements for a random sample of 10 percent of the study participants. A staff physician reviewed the readings when induration was less than 5 mm for all four tests and rendered a judgment regarding the correct reading. A composite skin test diagnosis was defined on the basis of the responses to the four antigens. The response to each antigen was considered positive if the maximum diameter of the resulting 48-hour induration was more than or equal to 5 mm, which indicated past exposure and development of cell-mediated immunity to that antigen. If none of the four antigen responses was positive, the composite skin test was scored as possibly abnormal. If one or more of the four antigen responses were positive, the composite skin test was considered normal, indicating intact cell-mediated immunity.
Immunologic tests performed on blood were selected to screen for depression or stimulation of the immune response as measured by changes in the concentrations of total lymphocytes and lymphocyte subpopulations and of immunoglobulins, the presence or absence of a broad range of autoantibodies, and evidence of monoclonal immunoglobulins. Immunoglobulins IgA, IgG, and IgM were measured by using nephelometry, and the results were expressed in mg/dl. To examine serum for monoclonal immunoglobulins reflecting the presence of clonal B cells, serum protein electrophoresis was performed. Specimens that showed an M-protein band on visual examination were followed up by immunofixation. The results were scored as present or absent monoclonal immunoglobulins.
Total white blood cell count with a three-part differential cell count was measured by using Coulter Counter Model STKS (Coulter Electronics, Inc., Miami, Florida). Flagged specimens were evaluated by manual differential. Total lymphocyte counts were expressed as cells/mm 3 . Lymphocyte subpopulations were quantitated by using dual color cytometry and murine monoclonal antibodies. Antibodies to the following antigens were used: T-cell antigens (CD3, CD4, CD5, and CD8), B-cell antigens (CD20), NKcell antigens (CD 16 and CD56), and activation antigen (CD25). CD25 antigen expression was measured on total CD3 + cells. Row cytometric analyses were performed by using a FACScan flow cytometer and SimulSET autogating software (both from Becton Dickinson Immunocytometry Systems, San Jose, California). The instrument was calibrated daily by using CaliBRITE beads and AutoCOMP software (both from Becton Dickinson Immunocytometry Systems). A daily method control (normal donor) was used to detect inferior lysing, washing, or staining procedures. A negative isotypic control was run with each specimen to evaluate nonspecific binding of the murine antibodies and to set thresholds for distinguishing negative from positive cell populations. Samples that showed more than 2 percent background staining were prewashed with phosphate-buffered saline containing bovine serum albumin and then the assay was repeated.
The lymphocyte gate, which was based on light scatter, bright CD45 staining, and negative CD 14 staining, was determined by using SimulSET autogating software. Criteria for an acceptable test were defined by Rheumatoid factor was measured by using latex agglutination. The autoantibody panel consisted of indirect immunofluorescence assays to measure antinuclear antibody and smooth muscle, thyroid microsomal, mitochondrial, and parietal cell autoantibodies. A specimen was considered positive if reactivity was present at or above the screening dilution (1:40 for antinuclear antibody). Autoantibody results were scored as present or absent. We interpreted the presence of an autoantibody as an abnormality of the immune system.
Statistical analyses
We defined percent body fat (37) as 1.26 x body mass index (weight (kg) -f-height (m) 2 ) -13.305, a drink-year as drinking one shot of 80 proof whiskey per day for 1 year, and a pack-year as smoking one pack of cigarettes per day for 1 year. We adjusted all analyses for percent body fat, age, race (Black, nonBlack), military occupation (officer, enlisted flyer, enlisted ground crew), current alcohol use (drinks/day), lifetime alcohol history (drink-years), current cigarette smoking (cigarettes/day), and lifetime history of cigarette smoking (pack-years). Analyses of total lymphocyte count and lymphocyte subsets were additionally adjusted for examination date by grouping veterans according to the day on which their physical examination began.
We used a linear model to assess the significance of the association of dioxin exposure category with total lymphocyte and lymphocyte subset counts and immunoglobulin concentrations. Because immunoglobulin concentrations, lymphocyte counts, and lymphocyte subset results were distributed lognormally, we log-transformed these data to enhance normality. To accommodate subjects who had zero counts, we added 0.1 to the counts of cells with CD3 and CD16 + CD56 + surface markers before applying the logarithmic transformation. We also analyzed the number of subjects with zero counts by dioxin category by using a logistic regression model. In this paper, we report adjusted geometric means for the cell surface-marker studies, total lymphocyte count, and immunoglobulins. For the binary autoantibody panel tests and composite skin test results, we used a logistic regression model to assess the significance of associations with dioxin category. The odds ratios and 95 percent confidence intervals for all logistic analyses are reported. We used main effects models throughout, with no stepwise reduction.
RESULTS
Demographic characteristics of the 2,100 veterans included in the analysis are presented in 1 percent) ; Background, n = 4 (2.7 percent); Low, n = 2 (2.0 percent); and High, n = 1 (6.7 percent). An analysis of zero counts found no significant relation with dioxin category. We found no significant associations between dioxin category and mean immunoglobulin concentrations (table 4) .
The prevalence of Ranch Hand veterans with a positive thyroid microsomal autoantibody test (table 5) was increased in all three dioxin categories, and the increase in the Low category was significant (OR = 1.9, 95 percent CI 1.0-3.8). The presence of antinuclear antibody, smooth muscle autoantibody, parietal cell autoantibody, rheumatoid factor, and monoclonal immunoglobulin were not significantly related to dioxin category. The numbers of veterans with mitochondrial autoantibody were too small to analyze.
DISCUSSION
To our knowledge, this is the only study of immune alteration and dioxin body burden in Vietnam veterans. The Air Force designed and launched the study in 1979 in response to veteran and public concerns regarding the consequences of possible exposure of US forces to Agent Orange and its dioxin contaminant during the Vietnam War. Health conditions were selected for study on the basis of toxicology studies and summaries of veteran reports of ill health. The dioxin measurement was introduced in 1986 following an interagency agreement with the Centers for Disease Control and Prevention. The US Department of Health and Human Services has administered independent oversight since 1983.
The strengths of this study include high participation and low attrition rates, a Comparison population that was closely matched to the index population, and 10 * p = 0.009; ** p = 0.02; *** p = 0.01.
t Comparison, n = 450; Background, n = 149; Low, n = 100; High, n = 104. Sample sizes reflect 11 veterans who were excluded because of missing covariates.
$ Absolute counts in cells/mm 3 . years of follow-up. This study probably has enrolled a larger number of persons than any other immunologic study of dioxin-exposed humans. Repetitive examinations and active quality control incorporating doubleblind entry of data, with discordances referred for third-party review and medical review of potential outliers, reduced errors that would have biased the study toward the null result.
In the absence of consistent evidence of dioxinrelated immunotoxicity, we assessed a broad range of immunologic parameters directed toward detecting abnormalities in both the humoral and cellular arms of the immune system. In addition to performing skin tests, lymphocyte and lymphocyte subset counts, and measurements of serum IgA, IgG, and IgM, we looked for M proteins and autoantibodies, which may not have been assessed in other populations.
In early reports of a population at risk from soil contamination in Missouri, abnormalities in several indexes of immune function were documented, including impaired delayed hypersensitivity by skin testing (38) . However, follow-up examinations of the same subjects found no differences between those who were exposed and the controls (39) . In our study, the percentage of Ranch Hand veterans in the Background category with possibly abnormal skin test results was increased but was not suggestive of a dioxin effect, because there was no increase in possible abnormalities in the High category.
Studies of persons exposed to industrial explosions in England (40) and Seveso, Italy (27) , reported no findings of clinical significance. Among volunteers who were involved in decontamination work at a chemical plant in Hamburg, Germany, and had moderately increased dioxin body burdens, the usual lymphocyte subsets were not decreased (41) . A study of workers who were exposed to brominated dioxins and furans found no notable effects on the distribution of cells or other immune system functions (42) , although workers at the same facility who were exposed to dioxin had increased IgA and IgG concentrations as well as marginal decreases in the numbers of T cells (43) .
A study of 11 chemical factory maintenance workers who had elevated dioxin levels in blood lipids found no significant differences between the average counts of lymphocyte subsets in the dioxin-exposed workers relative to 10 age-matched, healthy controls (44) . However, dioxin-exposed subjects had a reduced mixed lymphocyte response, possibly due to increased suppressive activity.
A recent study of the immunologic effects of background exposure to dioxins and polychlorinated biphenyls (PCBs) among Dutch infants found no relation between pre-and postnatal PCB/dioxin exposure and upper or lower respiratory tract symptoms or humoral antibody production (45) . The same study found that prenatal PCB/dioxin exposure was associated with an increase in the total number of TCRy5 + T cells at birth and an increase in the total number of T cells and the number of CD8 + (cytotoxic), TCR<x[} + , and TCRy5
+ T cells at 18 months of age. Prenatal as well as postnatal PCB/dioxin exposure was associated with lower monocyte and granulocyte counts at 3 months of age. The authors concluded that background PCB/dioxin exposure influences the human fetal and neonatal immune system. We did not measure TCRy5 expression in this study. However, without regard to dioxin level, we found no evidence of an increase in CD4-CD8"CD3 + T cells (the TCRyS phenotype). CD4CD8CD3 + T cells were evaluated as part of the quality control procedures regarding routine flow cytometry, described in Materials and Methods.
In this study, we found only two statistically significant differences in lymphocyte subpopulations: a mild increase in the number of CD20 B cells in Ranch Hand veterans in the Background category and a decrease in the number of CD16 Autoantibodies may not have been assessed in previous immunologic studies of dioxin-exposed persons. Our autoantibody results did not show a consistent or meaningful pattern. In the High dioxin category, the prevalence of thyroid microsomal autoantibodies was increased and the prevalence of antinuclear antibodies, smooth muscle autoantibodies, parietal cell autoantibodies, and rheumatoid factor was decreased. The prevalence of thyroid microsomal, smooth muscle, and parietal cell autoantibodies and of rheumatoid factor was increased in the Low category; of these four, only the increase in thyroid microsomal autoantibody was borderline significant, but the clinical meaning of this increase is not known. The prevalence of antinuclear antibody was decreased in all three Ranch Hand dioxin categories.
Overall, we found no evidence of a consistent relation between dioxin exposure and immune system alteration in Ranch Hand veterans. Extensive and repeated clinical examinations of these men have revealed no evidence of chloracne (46). We have not been able to assess mortality versus dioxin category because few veterans with dioxin measurements have died, but the number of deaths caused by cancer has been lower than expected (47) . Glucose abnormalities, diabetes prevalence, and use of oral medications to control diabetes increased, whereas time to diabetes onset decreased, with dioxin exposure (48) . In Ranch Hand offspring, we found no association between dioxin category and testosterone abnormalities, low sperm count, or percentage of abnormal sperm (49) and little or no association between dioxin category and spontaneous abortion, stillbirth, birth defects, birth defect severity, specific delays in development, hyperkinetic syndrome (50) , intrauterine growth retardation, or preterm birth (51) .
Our ability to detect associations was limited by the fixed size of the Ranch Hand cohort. Since all Ranch Hand veterans have been identified and have been invited to participate in the study, their number cannot be increased. The rarity of some of the autoantibodies we studied led to imprecise measures of association, as indicated by wide confidence intervals, and small numbers prevented us from making strong inferences among those veterans who were most heavily exposed to dioxins. Confounding was another concern. Although we adjusted for all known confounders, others might have existed that we did not take into account. We were concerned that our exclusion from the analysis of thyroid microsomal autoantibody of those veterans who were taking thyroid medications or had had a thyroidectomy might have masked an association with dioxin category. We reanalyzed twice, first excluding only those with thyroid disease prior to their service in Vietnam and then considering no exclusions for thyroid conditions. The results were similar to those already reported and did not cause us to change our interpretation.
This study was limited by uncertainties regarding dioxin exposure. The serum dioxin measurements were accurate (52) and correlated with reported skin exposure to herbicide in Vietnam (53), but they were made as long as 30 years after exposure. Our initial dose calculation was based on a first-order decay law with an assumed constant half-life. This approach must be considered approximate in light of recent findings that the decay rate may depend on body fat (34) . We attempted to account for possible changes in the decay rate by adjusting our statistical analyses for percent body fat. However, the adequacy of our adjustment is unknown. Furthermore, we regard the Background category as comprised of a mixture of exposed and unexposed veterans whose true status could not be determined by using available data. The time since exposure varies 15-26 years, about two or three dioxin half-lives. The elimination of dioxin in the intervening years and the lack of alternative evidence of exposure left the exposure status of Ranch Hand veterans with Background levels (below 10 ppt) unresolvable.
The indexes of immune response analyzed in this paper represent a broad spectrum of standard clinical tests of immune function. None of these indicators reflected a consistent or meaningful relation between serum dioxin and altered immune function. However, we cannot exclude the possibility that subtle perturbations in immune function exist that could not be detected by these tests.
